ABSTRACT More than a century ago, infections by Salmonella were already associated with foodborne enteric diseases with high morbidity in humans and cattle. Intestinal inflammation and diarrhea are hallmarks of infections caused by nontyphoidal Salmonella serovars, and these pathologies facilitate pathogen transmission to the environment. In those early times, physicians and microbiologists also realized that typhoid and paratyphoid fever caused by some Salmonella serovars could be transmitted by "carriers," individuals outwardly healthy or at most suffering from some minor chronic complaint. In his pioneering study of the nontyphoidal serovar Typhimurium in 1967, Takeuchi published the first images of intracellular bacteria enclosed by membrane-bound vacuoles in the initial stages of the intestinal epithelium penetration. These compartments, called Salmonella-containing vacuoles, are highly dynamic phagosomes with differing biogenesis depending on the host cell type. Single-cell studies involving real-time imaging and gene expression profiling, together with new approaches based on genetic reporters sensitive to growth rate, have uncovered unprecedented heterogeneous responses in intracellular bacteria. Subpopulations of intracellular bacteria displaying fast, reduced, or no growth, as well as cytosolic and intravacuolar bacteria, have been reported in both in vitro and in vivo infection models. Recent investigations, most of them focused on the serovar Typhimurium, point to the selection of persisting bacteria inside macrophages or following an autophagy attack in fibroblasts. Here, we discuss these heterogeneous intracellular lifestyles and speculate on how these disparate behaviors may impact host-to-host transmissibility of Salmonella serovars.
INTRODUCTION
The bacterial species Salmonella enterica comprises Gram-negative pathogenic microorganisms that cause infections in humans and livestock. S. enterica is subdivided into six subspecies, with subspecies I responsible for infections in warm-blooded vertebrates, including mammals and birds (1, 2) . To date, >2,500 serovars have been reported in subspecies I. Some of these serovars are host adapted, whereas others infect a broad range of hosts. Host-adapted serovars cause systemic infections that result in typhoid (paratyphoid) fever and bacteremia. Among these serovars are Typhi, Paratyphi A, Paratyphi C (humans), Cholerasuis (swine), Dublin (cow), and Gallinarum (fowl). Nontyphoidal serovars normally cause self-limiting gastroenteritis, although the severity of the infection varies depending on the immune defense status of the host and/or a unique genetic makeup that may render the clone highly invasive. An example is the recently characterized invasive serovar Typhimurium isolates that cause systemic disease in HIV-infected individuals of sub-Saharan African countries (3, 4) and Latin America (5) . Importantly, high transmissibility has been reported for all serovars, especially in those areas in which hygiene conditions in water and food are poor. The ability of all S. enterica serovars to cause persistent asymptomatic infections, especially following infection by host-adapted serovars, imposes more difficulties on control of transmission (6, 7) . This capacity to persist in the host without causing pathology has attracted physicians and microbiologists for more than a century, given its undoubtable negative impact on pathogen eradication. The reader is directed to the pioneering book The Carrier Problem in Infectious Diseases by Ledingham and Arkwright, which in 1912 exhaustively compiled all existing information about cases of asymptomatic carriers and their impact on pathogen transmission (8) . These authors focused on six diseases known at that time to have high transmission rates, including typhoid and paratyphoid fever, diphtheria, epidemic cerebrospinal meningitis, dysentery, and cholera (8) . Studies performed in mouse asymptomatic chronic infection models using the serovar Typhimurium have identified pathogen genes required to persist in the animal for long periods of time (weeks to a few months) (9, 10) . These studies also showed that serovar Typhimurium evolves during a chronic infection in the host and that this condition selects for adaptive mutations (9) . This is an intense and fascinating area of research that will certainly aid to combat Salmonella transmissibility among individuals. We also refer to the chapter in this book by WolfDietrich Hardt and colleagues, which addresses withinhost evolution in Salmonella and the transmission of the virulent genotype in populations differentially affected by antibiotic treatments.
S. enterica is one of the bacterial pathogens in which the ability to invade eukaryotic cells was first reported. Using a guinea pig model in which the animals were challenged with serovar Typhimurium, Takeuchi demonstrated that bacteria transiently disrupted the brush border during the penetration of enterocytes, to later be confined within membrane-bound vacuoles (11) . These pioneering observations were later confirmed in vitro using cultured cell lines such as human epithelial HeLa cells (12, 13) . Subsequent cell biology studies focused on defining the intracellular trafficking route of the phagosomal compartment harboring serovar Typhimurium, coined the Salmonella-containing vacuole (SCV) in the initial studies (14) . Current data support a variety of SCV "prototypes" with disparate biogenesis routes depending on the infected host cell type (15) . This disparity may reflect differences between host cell defenses responding to the intruder microbe and the survival strategies used by the pathogen. In most cases, these different SCV types and pathogen-host interactions are observed even in the same tissue or organ (Fig. 1) . The bacterial strains and host cells used, ranging from established phagocytic and nonphagocytic cell lines of tumor or nontumor origin to primary cultures and organoids (16) (17) (18) , are also variables that affect SCV biogenesis. For example, entry of serovar Typhimurium into macrophages selects for a subpopulation of persistent intracellular bacteria (19) . This observation denotes that the transition to the intracellular niche of phagocytic cells can promote persistence and, as a result, transmissibility.
Much recent data also sustain the capacity of serovar Typhimurium to break the SCV membrane and reach the cytosol of epithelial cells (20, 21) , a favorable microenvironment thought to favor massive pathogen proliferation. On the other hand, there is accumulating evidence about distinct strategies used by this pathogen to limit proliferation and persist inside the infected host cell. In this chapter, we evaluate what is known about the intraphagosomal and cytosolic lifestyles of Salmonella and their potential relationships with two phenomena known to enhance host-to-host transmissibility: (i) localized intestinal inflammation with massive loss of bacteria in the stool and (ii) the establishment of chronic persistent infections. Both conditions predispose to abrupt or periodic shedding of bacteria to the external (outside the host) environment.
SALMONELLA TRANSITION TO THE INTRACELLULAR NICHE IN THE EUKARYOTIC CELL
Typhoidal and nontyphoidal S. enterica serovars invade eukaryotic cells using effector proteins translocated by specialized type III secretion apparatuses encoded in the Salmonella pathogenicity islands 1 (SPI-1) and 2 (SPI-2) (2, 22, 23) . Hereinafter, we refer to these systems as T1 and T2, respectively. Invasion of nonphagocytic cells has been extensively studied in immortal cultured epithelial cell lines such as HeLa, derived from human cervical cancer cells. Entry into the epithelial cell is of paramount importance for Salmonella pathogenesis since it allows the pathogen to penetrate the intestinal barrier. At the mechanistic level, translocated T1 effectors alter cytoskeleton dynamics to recruit actin to the site of bacterial contact and to obtain in this manner the required mechanical force for bacterial ingestion. This mode of entry, known as "trigger," is accompanied by massive reorganization of the actin cytoskeleton and the formation of membrane ruffles that capture the invading bacterium to culminate in its efficient ingestion (24) . T1 effectors involved in this process include SopB, SopE, and SopE2, which contribute to bacterial invasion and biogenesis of the early SCV compartment (2, 25) . SopB function has been linked to (i) actin rearrangement The pathogen proliferates actively in a few IECs, which are rapidly extruded by a mechanism that depends on the inflammasome proteins NAIP/NLRC4. This proliferation was reported to occur within phagosomes and in the cytosol. Bacteria have also been observed in phagocytic (neutrophils, macrophages) and nonphagocytic cells (fibroblasts) in the underlying lamina propria. (2) Extrusion of heavily infected epithelial cells observed in the epithelium lining the gallbladder. As in the IECs, there is also evidence for replication of intracellular cytosolic serovar Typhimurium cells. (3) Serovar Typhimurium targets mainly macrophages in the liver. The most-accepted models support an increase in infection foci due to subsequent episodes of macrophage infection, a few rounds of intracellular replication of the pathogen, and reinfection of nearby macrophages. The intracellular lifestyle in these macrophages is entirely intraphagosomal. (4) Serovar Typhimurium colonizes distinct types of phagocytes in the red pulp of the spleen. The infection is highly contained by inflammatory monocytes and neutrophils, although some bacteria colonize and persist in resident macrophages. Note that the proliferation detected in the few epithelial cells that extrude in the intestinal epithelium and gallbladder ultimately favors shedding of the pathogen outside the host. Although not shown, serovar Typhimurium has also been shown to persist in macrophages present in mesenteric lymph nodes.
promoted by the small GTPase Rho; (ii) annexin A2 recruitment, which facilitates actin accumulation; and (iii) the generation of phosphatidylinositol 3-phosphate by recruiting the small GTPase Rab5 and the phosphatidylinositol 3-kinase Vps34 (2) . The T1 effectors SopE and SopE2 act as guanine nucleotide exchange factors of the small GTPases Rac1 and Cdc42. Activation of these two GTPases leads to actin reorganization promoted by stimulation of actin nucleation factors of the Wiskott-Aldrich syndrome protein (WASP) family (26) . SipA and SipC, which promote actin bundling, are additional T1 effectors required for invasion. Following bacterial internalization, SptP, another T1 effector, reverses the alterations to the cell cytoskeleton by inactivating the Rho GTPase (2, 25, 27) .
The nontyphoidal serovars Typhimurium and Enteritidis can also invade nonphagocytic cells by T1-independent mechanisms that mimic the zipper-like mode of entry ( (29) , with preferable usage in specific hosts and with probable benefit for host-to-host transmission.
Internalization of Salmonella serovars into professional phagocytic cells such as macrophages or dendritic cells has also been studied in detail. Alternative modes of entry can occur depending on whether the entry is triggered by the pathogen (e.g., via T1-translocated effectors) or driven by the phagocyte using dedicated receptors that promote phagocytosis. Early reports using serovar Typhimurium suggested that the phagosomal compartments harboring wild-type and isogenic T1-defective strains were indistinguishable (35) . However, later studies in macrophages showed marked differences. Thus, the phagosomal compartment formed after T1-induced entry or the uptake of complement-opsonized serovar Typhimurium was permissive for growth, whereas IgG-opsonized or nonopsonized bacteria were killed in the phagosome (36) . The fate of serovar Typhimurium inside macrophages, the preferred cell type targeted by this pathogen in vivo ( Fig. 1) , can be therefore highly variable depending on the mode of entry (37) .
BIOGENESIS AND MATURATION OF THE SCV
Early studies in the 1980s showed that serovar Typhimurium survival inside macrophages was a requisite for causing disease in mice (38) . This observation paved the way to analyze this phagosomal compartment in more detail. As mentioned above, this compartment is now generically known as the Salmonella-containing vacuole in both phagocytic and nonphagocytic cells (20, (39) (40) (41) (42) . A hallmark of the SCV is its pronounced dynamics in spatial and temporal terms involving interactions with various organelles of the infected cell, including early and late endosomes and the Golgi apparatus (43, 44) . Intracellular trafficking of the SCV has been intensively examined in vitro in cultured cell lines. These studies demonstrated the intervention of protein effectors translocated by the T1 and T2 systems. T1 effectors participate in the early stages of SCV maturation, while T2 effectors act a few hours later (2-to 3-h postinfection) to model the intracellular replicative or survival niche. The literature on Salmonella T1 and T2 effectors linked to SCV biogenesis is abundant. We refer to excellent reviews that summarize the action of translocated pathogen effector proteins that engage fundamental processes in the infected cell, including cytoskeleton dynamics, vesicular trafficking, and cytokinesis (2, 22, 23, 43, (45) (46) (47) . Some of the activities demonstrated for T1 and T2 effectors include chemical modification of eukaryotic targets with activities such as acetyltransferase, ADPribosyltransferase, tyrosine phosphatase, E3 ubiquitin ligase, deubiquitinase phosphothreonine-ligase, cysteine protease, or glycerophospholipid cholesterol acyltransferase (2, 22, 46) . Other Salmonella effectors act as enzymes altering certain metabolite pools in the host cell (e.g., phosphoinositide phosphate) or mimicking host proteins that regulate nucleotide exchange in GTPases of the Rho and Rab families (26, (48) (49) (50) .
The presence or absence of defined sets of effectors can contribute to host specificity. In human macrophages, the SCV containing serovar Typhi is decorated with the GTPase Rab29, which correlates to a state of survival and low proliferation rate for intracellular bacteria (51) . However, ectopic expression in serovar Typhi of the T1/T2 effector GtgE, absent in this serovar, results in Rab29 proteolysis and augmented growth in human macrophages ( Fig. 2A) (51) . This observation links the intracellular survival and persistence of serovar Typhi to a defined repertoire of type III effectors. Based on these findings, it is tempting to speculate that the absence or presence of certain T1 or T2 effectors could direct the maturation of the SCV to either a persistencepromoting environment or a permissive niche for rapid growth. GtgE, encoded by genomes of nontyphoidal serovars, also targets the GTPase Rab32, and this process facilitates proliferation of nontyphoidal serovars such as Typhimurium. Mouse macrophages, which normally restrict serovar Typhi intracellular growth, become permissive for recombinant serovar Typhi strains expressing GtgE, similarly to how they behave when infected with broad-range nontyphoidal serovars such as Typhimurium ( Fig. 2A) (50) .
The characterization of the SCV trafficking route led to the identification of membrane extensions emanating from the phagosomal compartment, known as Salmonella-induced filaments (Sifs) (52) . This tubular network is enriched in lysosomal membrane glycoproteins and its mechanism of formation has been deciphered in detail (47, 53) . Sif formation is driven by the ASMscience.org/MicrobiolSpectrumT2 effector SifA, which links the adaptor protein SKIP and kinesin to the SCV and the microtubule network to induce endosome tubulation (53) . Other T2 effectors such as SseJ, which modifies lipid content of the SCV by increasing the amount of cholesterol esters, are required for Sif formation (2) . Sifs are a type of structure not observed in uninfected cells, as was reported further for other tubular networks associated with serovar Typhimurium infection (47, 53) . The ultimate benefit of this elaborated membranous network is at present unknown, although recent studies favor a role in nutrient acquisition by the pathogen (47) . The lack of T2 effectors involved in the generation of these tubular structures results in attenuation of serovar Typhimurium in the mouse model (54, 55) , which supports a relevant role for this structure in Salmonella pathogenesis. A host protein that contributes to the biogenesis of the SCV and to the connection of this compartment with Sifs is the lysosomal adaptor named Pleckstrin homology domaincontaining protein family member 1 (PLEKHM1) (56) . This protein interacts with the T2 effector SifA, the host GTPase Rab7, and the HOPS complex, a multisubunit homotypic fusion and vacuole protein sorting platform. Lack of PLEKHM1 leads to the formation of abnormal vacuoles containing serovar Typhimurium, to the absence of Sifs, and to a lower intracellular bacterial load in epithelial cells and fibroblasts (56) . A slightly decreased bacterial load in mice lacking PLEKHM1 was also claimed in vivo (56) . These data are relevant since they unequivocally link to the capacity of serovar Typhimurium to modify the SCV compartment, as observed in in vitro cultured cell lines, to proliferation in the animal organs. Future studies should address whether the observed changes in bacterial load observed in vivo are manifested at the single-cell level.
A recent report describes another example of host membrane manipulation by serovar Typhimurium with direct consequences for the progeny of intracellular bacteria. During infection of fibroblasts, serovar Typhimurium induces the formation of Sif-like structures that do not evolve into an intricate network. Instead, these Sif-like tubular endosomes collapse into a membranous aggregate (aggresome) that recruits autophagy machinery (57) . The autophagosome formed in response to the aggregate digests this extraneous body as well as those nearby bacteria captured in the autophagosomal compartment (57) . Intracellular bacteria located far from the aggresome are not attacked by the autophagy machinery and remain alive. This strategy allows bacteria to "self-control" their progeny within the infected cell. These persistently infected cells could favor host-tohost transmissibility by periodic release of intracellular bacteria.
INTRAPHAGOSOMAL VERSUS CYTOSOLIC INTRACELLULAR LIFESTYLE
A large body of evidence has shown that serovar Typhimurium can actively lyse the membrane of the nascent SCV, resulting in colonization of the host cell cytosol (20) . This phenotype has been observed mainly in epithelial cells, both in vitro in distinct epithelial cell lines (58) and in vivo (59) (Fig. 1) . Of much interest, cytosolic bacteria "hyperreplicate" (58), leading to destruction of the infected epithelial cell. Unlike intraphagosomal bacteria, cytosolic bacteria express flagella and have a functional T1 secretion system (59). In the gallbladder epithelium, the hyperreplication of cytosolic bacteria results in the extrusion of infected cells harboring a large progeny of intracellular bacteria (59, 60) (Fig. 1) . The phenomenon is also observed in polarized intestinal epithelial cells (59) . This pathogen-induced "exfoliation" resembles that taking place during natural turnover of the intestinal epithelium. However, a major difference is that the epithelial cell infected with serovar Typhimurium undergoes inflammatory cell lysis (pyroptosis), induced by activation of caspase-1 (59), which leads to the release of proinflammatory cytokines such as interleukin-18 (IL-18). These data highlight a new concept in pathogen biology: as was previously shown for macrophages and other phagocytic and immune cells such as dendritic cells and neutrophils, epithelial cells harbor inflammasomes that respond to Salmonella infection (61, 62) . Inflammasomes are cytoplasmic signaling complexes that recognize pathogen components such as lipopolysaccharide (LPS), flagellin or proteins of the T1 secretion apparatus and induce the inflammatory caspase-1 and caspase-11 (61, 62) . Caspase activation is the key step required for production of inflammatory cytokines (IL-1α, IL-1β, and IL-18), which is followed by their release concomitant to the cell death (61, 62) . Are inflammasomes an important host factor affecting or promoting Salmonella transmissibility? A recent study focused on the role of inflammasomes in restricting Salmonella proliferation in intestinal epithelial cells. Two main components of the inflammasome platform that is active in epithelial cells, NAIP/NLRC4 (neuronal apoptosis inhibitor protein/NOD-like receptor subfamily C 4) and caspase-1, contribute to extrusion of heavily infected epithelial cells (Fig. 2B) (59, 63) . This phenomenon, however, does not guarantee bacterial clearance. In wild-type mice, serovar Typhimurium persists for 36 hthe last time point measured in the study-in intestinal epithelial cells harboring a low average number (2 to 3 cells) of intracellular bacteria (63) . These data suggest that inflammasomes may become active at early infection times to control the burst of intracellular replication occurring in a few epithelial cells of the intestinal barrier. This situation presents a striking parallelism with the control of an early replication burst taking place in fibroblasts, which is aborted following aggrephagy of an endosomal membranous aggregate (Fig. 2C) (57) .
Based on these observations, we could speculate on an exploitation of the inflammasome machinery by serovar Typhimurium to "self-control" and to attenuate intracellular growth. This condition could certainly preserve integrity of the infected cell and ensure transmissibility. On the pathogen side, extrusion of heavily infected cells together with persistence in some other cells of the epithelial barrier (both in intestine and gallbladder) seems doubly beneficial. Thus, such strategy results in release of many bacteria to the intestinal or gallbladder lumen, increasing the probability of reinfection and spreading to the external environment (Fig. 1) . Whether there is a potential pathogen reservoir remaining after the control of the initial growth burst by the NAIP/NLRC4 inflammasome axis (63) has not yet been investigated. Comparable long-term studies at the cellular level in the gallbladder are also lacking.
Strong evidence supporting the role of inflammasomes in control of serovar Typhimurium proliferation comes from the exacerbated bacterial growth in intestinal epithelial cells and increased colonization of lymph nodes noted in mice lacking components of this host defense (63) . This has serious consequences for the host since the pathogen can then rapidly spread to deeper tissues. Still intriguing is the interplay between extrusion of heavily infected cells and the simultaneous presence of epithelial cells having low numbers of intracellular bacteria, which could act as reservoir. Noteworthy, there is also evidence of serovar Typhimurium targeting nonphagocytic stromal cells located in the intestinal lamina propria, in which the pathogen actively restrains growth (64). This response is driven by, among others, the master virulence two-component regulatory system PhoP-PhoQ (Fig. 2C) (65) . The persistent infection of stromal cells by serovar Typhimurium indicates that other potential niches for intracellular persistence may exist at the level of the intestine, which could be explored in future studies.
The interaction of cytosolic bacteria with inflammasome components remains to be further clarified. Epithelial cells utilize caspase-11, responsible for inducing IL-18 expression, to respond to LPS located in the cytosol, but the exact source of this envelope component in vivo remains unknown. For serovar Typhimurium infection of epithelial cells, it was shown that intraphagosomal bacteria release LPS embedded in vesicles (66) . Whether caspase-11 recognizes the LPS produced by intraphagosomal bacteria and/or LPS released by actively growing cytosolic bacteria has yet to be determined.
THE SCV AS A SUITABLE NICHE TO PROLONG HOST INFECTION IN A NONGROWING STATE
Most studies focused on host-to-host transmissibility of Salmonella have exploited in vivo chronic infection models, especially those involving serovar Typhimurium and 129X1/SvJ inbred mice (6, 67) . In this model, a subset of the chronically infected mice often behave as "supershedders" (>10 8 CFU/g), and this phenomenon correlates with high numbers of bacteria in the lumen of the colon (68) . This behavior probably reflects a failure in the capacity of the endogenous intestinal microbiota to control pathogen proliferation. The 129X1/SvJ inbred mouse model allowed detection of potential niches for long-term infections such as macrophages located in mesenteric lymph nodes (69) and anti-inflammatory M2-type macrophages (70) . The model also been exploited to identify pathogen functions required for these chronic infections, including, among others, T1 and T2 effector proteins, fimbrial proteins, regulatory proteins involved in outer membrane homeostasis, and proteins encoded in pathogenicity islands (10) . In addition to these studies, clinical and epidemiological data show the gallbladder as another niche in which typhoidal and nontyphoidal Salmonella serovars could persist in chronic and asymptomatic infections, therefore ensuring host-to-host transmissibility (71, 72) . As mentioned above, the gallbladder epithelium is permissive for intracellular replication of serovar Typhimurium, but this phenomenon has been reported in acute infection models (59, 60) . A comparative analysis in the gallbladder of chronically infected mice has not been performed to date. Besides the potential intracellular reservoir in the epithelial cells lining the gallbladder, biofilms formed on gallstones may contribute to pathogen transmissibility during asymptomatic and chronic infections (73, 74) . The capacity of serovar Typhimurium to form biofilms in this niche has been demonstrated to require functions that ensure survival in the presence of high doses of bile salts as well as type 1 fimbriae, these latter involved in attachment to and persistence in gallstone surfaces (74) .
Despite this valuable information on the modes and functions that distinct Salmonella serovars exploit to persist in the host, no study has formally linked a defined intracellular lifestyle with long-term infection of the host. Indeed, we are still far from understanding how this pathogen adapts to live within the SCV phagosome in a nongrowing state. Some studies, however, provide clues supporting a unique lifestyle linked to persistence. Viable serovar Typhimurium has been isolated from cultured fibroblasts-in which bacteria show limited intracellular proliferation-as long as 21 days after entering into these cells (75) . Many of the isolates rescued after such persistent infection of the fibroblast harbored mutations in the hemL, lpd, and aroD genes. Two of these mutations, hemL and lpd, impact respiratory rates, leading to a less oxidative environment and, as a consequence, to a less toxic environment (75) . The same applies to aroD, which decreases bacterial growth rate. These mutations confer a "small-colony variant" phenotype, which resembles the type of variants isolated from chronic infections caused by other important pathogens such Staphylococcus aureus (76). These small-colony variants in serovar Typhimurium, as in S. aureus, maintain a stable phenotype outside the eukaryotic cells and do not revert to fast-growing bacteria. The mechanisms by which a long residence inside the fibroblast selects for these types of mutations should be addressed in future studies. It is also important to note that these serovar Typhimurium variants become resistant to some specific classes of antibiotics, such as aminoglycosides (75) , and that these isolates persist at higher rates than wild-type bacteria inside the fibroblast. This latter observation indicates that the adaptation to nongrowing intracellular state inside the SCV may be an advantage to persistence within the infected cell.
In line with these observations, recent studies have shown that serovar Typhimurium evolves in vivo during a long-term chronic infection of mice (9) . Individually tagged bacteria were used to challenge 129X1/SvJ mice in the chronic infection model. Point mutations that increased fitness in animal organs were selected in some dominant clones along the chronic infection. One of these mutations mapped to kdgR (9), a transcriptional regulator that modulates uptake of distinct carbon sources. Intriguingly, the KdgR regulon favors persistence of serovar Typhimurium in vegetable soft rots in association with defined phytopathogens such as Pectobacterium carotovorum (77) . This role in persistence was linked to increased uptake of carbon sources derived from pectin degradation and utilization of the Entner-Doudoroff pathway, both regulated by KdgR (77) . Mammalian cells do not produce pectin, so it is tempting to speculate that the action of KdgR in intracellular serovar Typhimurium is related to the hydrolysis and product utilization of some yet unknown polysaccharide. Since KdgR variants with point mutations confer selective advantage in the mouse chronic infection model, it would be interesting to discern whether such a phenotype correlates with alterations in the intracellular lifestyle of the pathogen in distinct host cell types. Future studies will be valuable to obtain proof of concept relating physiological status of serovar Typhimurium in the SCV (or the cytosol) to preference for a defined outcome of the infection, in terms of chronic/asymptomatic or acute infection.
The nutritional status of serovar Typhimurium within the SCV has been recently addressed in macrophages and epithelial cells using a large collection of auxotrophic mutants in essential amino acids (78) . This approach identified amino acids that are provided by the infected cell versus those that must be synthetized by the pathogen and, therefore, showed which metabolic pathways are preferentially used by actively growing bacteria. As an example, alanine is provided by the infected macrophage to the SCV, while that is the case of asparagine in the SCV of epithelial cells (78) . These data imply distinct metabolic status of intracellular serovar Typhimurium depending on the host cell type. Interestingly, growth of defined auxotrophic mutants is restored in epithelial cells by supplementation of the corresponding amino acid only if intracellular bacteria induce Sif formation. This means that these endomembrane tubular extensions could facilitate nutrition acquisition by the pathogen. Such an assumption also correlates with the above-mentioned phenotype in fibroblasts, in which bacteria persist inside the SCV in the absence of stable Sifs (57) .
Proteomic studies and phenotypic assays in metabolic mutants have also shown that fatty acids and glycerol are major energy sources used by serovar Typhimurium in vivo during acute infection of mice (79) . Of interest, this study speculates about a marked flexibility in the pathways that the pathogen uses to metabolize host nutrients, ensuring in this manner an efficient metabolic flux even if some of the nutrients become scarce under specific conditions. Additional data obtained in cultured macrophages and epithelial cells pointed to glucose as a preferred energy source for intracellular replication (80, 81) . Mutants defective for glycolysis from glucose are also impaired for successful colonization of mice (80) . Thus, serovar Typhimurium does not use a single type of nutrient as an energy source. This metabolic flexibility represents a clear obstacle for the host to control the infection.
Chronic infection models following challenge of mice with serovar Typhimurium purA ssaGH mutants, unable to proliferate in organs, have shown metabolic differences for bacteria in acute versus persistent infections (82) . Mutations in metabolic functions required for acute infection, like some mapped to the ubiC gene, have no effect on the persistence established by the purA ssaGH mutant. The ubiC mutation prevents ubiquinone synthesis and, as result, proliferation of wild-type bacteria. However, it has no effect on the purA ssaGH persistent mutant. As an exception, a mutation in fabB, which encodes β-ketoacyl-acyl carrier protein (ACP) synthase I, required for biosynthesis of unsaturated fatty acids and cyclopropane, decreases substantially the persistence of the purA ssaGH double mutant (82) . Intriguingly, small-colony variants appeared at high rate in the purA ssaGH fabB mutants when isolated from chronically infected mice, a phenomenon resembling that discussed in fibroblasts.
THE BATTLE FOR INTRACELLULAR SURVIVAL: A BALANCE BETWEEN HOST DEFENSES AND THE COUNTERACTING STRATEGIES OF THE PATHOGEN
Host-to-host transmission of typhoidal and nontyphoidal Salmonella serovars is influenced by the rate of access to the intestinal lumen and proliferation of the pathogen. This ensures rapid exit outside the host via the intestinal tract. In addition, the maintenance of the pathogen in intracellular niches could potentially favor a periodic colonization of the intestine, allowing transmission of the pathogen to the external environment. The second mechanism implies a delicate balance between host defenses and strategies of the pathogen to remain alive in intracellular locations. Of note, recent data obtained in serovar Typhimurium support its capacity to intentionally establish a persistence state. Below, we discuss evidence sustaining this view.
The innate immune system controls intracellular infections by limiting nutrients to the intruder, producing antimicrobial peptides, releasing oxygen-and nitrogenderived reactive species, or acidifying the compartment containing the pathogen (83) . Another process equally important in this respect is autophagy (84, 85) . However, autophagy is subverted by certain pathogens to acquire nutrient and membrane material for their own benefit (86, 87) . Important intracellular bacterial pathogens such as Coxiella burnetii, Francisella tularensis, or Brucella spp. divert nutrients from the autophagosomal compartment or even fuse and proliferate inside this specialized organelle (87) . For serovar Typhimurium, contrasting data have been reported. These studies have shown (i) autophagy actively killing cytosolic serovar Typhimurium or bacteria contained in damaged SCV membranes (88) (89) (90) , (ii) exploitation of autophagy to promote proliferation (91) , and (iii) eradication of part of the progeny facilitating the establishment of perdurable persistent infections (57) .
Models involving transgenic mice deficient in these innate defense mechanisms illustrate their role in controlling intracellular growth of serovar Typhimurium. Some examples are mice deficient in (i) the Nramp1 transporter, which imposes nutritional stress on the pathogen by removing essential divalent cations from the phagosomal compartment (92, 93) ; (ii) the NAPDH oxidase, responsible for the oxidative burst in phagocytes by producing reactive oxygen species (94); (iii) the nitric oxide synthase, which generates reactive nitrogen species (95); (iv) key elements of the inflammasome such as NLRP3 (NOD-like receptor family pyrin domain containing 3) and NLRC4, or the pyroptosis-inducing caspase-1 (63, (96) (97) (98) (99) ; (v) components of the autophagy machinery such as Atg5 (100-102); and (vi) proinflammatory cytokines (tumor necrosis factor α and gamma interferon). Increased susceptibility to serovar Typhimurium infection and augmented intracellular replication rates linked to the lack of these defenses have been demonstrated in macrophages or embryonic fibroblasts obtained from these knockout transgenic mice (63, 99, 100, 103, 104) . Collectively, these data show the important balance existing between host defenses and survival strategies of the pathogen that may result in a defined intracellular lifestyle. Fortunately, the number of studies addressing these changes in susceptibility to Salmonella infection from the host side is continuously increasing. Genome-wide association studies represent a nonbiased method to identify pathways related to human diseases, and this information can be exploited to identify important host proteins that can control Salmonella growth. A recent study focused on an allele (T300A) in an autophagy protein, ATG16L1, previously identified as one of the 140 risk loci linked to Crohn's disease (105) . Transcriptome analyses in cells obtained from wild-type and ATG16L1-T330A cells exposed to pathogen-derived compounds identified a set of genes differentially expressed. One of them, CLEC12A, was associated with autophagy proteins. In vitro and in vivo infection models revealed that CLEC12A modulates autophagy of serovar Typhimurium and that mice lacking this protein are more susceptible to the infection (105) . Thus, from genome-wide association analyses it is possible to unravel new host functions that control the intracellular lifestyle of serovar Typhimurium (106) and, as a consequence, have impact on host-tohost transmission.
Studies based on RNA interference targeting the human kinome have also led to the identification of host factors involved in restricting serovar Typhimurium intracellular proliferation, including kinases interacting with Akt1/protein kinase B (107). Another kinase, TANK-binding kinase 1 (TBK1), recruits autophagy proteins to ubiquitinated cytosolic serovar Typhimurium (108, 109) . TBK1 has been shown to maintain the integrity of the SCV membrane, preventing access to the cytosol (110) . Therefore, TBK1 seems to play a dual role, as a defense mechanism favoring serovar Typhimurium intravacuolar persistence or, alternatively, stimulating autophagy of cytosolic bacteria that escape from the SCV.
DalS, a transporter used by intracellular serovar Typhimurium to capture D-alanine and required for virulence (111) , also exemplifies the interplay existing between host defense mechanisms and pathogen strategies to survive and persist in the intracellular environment. D-Alanine is a substrate of the eukaryotic enzyme D-amino acid oxidase (DAO), which generates reactive oxygen molecules from this D-amino acid. The DalSmediated import of D-alanine by intracellular serovar Typhimurium contributes to its survival within neutrophils during the early stage of the infection by decreasing availability of this substrate to DAO. This strategy has been proposed as a step crucial for the pathogen to withstand host defenses, allowing the infection of morepermissive host cells (112) .
Novel transcriptomic sequencing technologies involving dual RNA-seq have generated much information about regulatory RNAs and genes that are upand downregulated in both serovar Typhimurium and the host cell (113) . These data, obtained in the growthpermissive intracellular environment of HeLa epithelial cells, provide a valuable insight into host and pathogen functions modulating bacterial load, activity of signaling pathways, and production of proinflammatory cytokines at various times postinfection (113) . These robust technologies could also be applied to examine the pathogen-host interplay in conditions that impede massive pathogen intracellular growth (i.e., activated macrophages or fibroblasts). The possibility of analyzing gene expression at the single-cell level (114) should certainly provide new clues on how bacteria interact with a defined host cell type and how such cross talk evolves over time.
A recent single-cell RNA-seq study proves this postulate, demonstrating that the physiological status of macrophages bearing either high or low amounts of serovar Typhimurium cells differs substantially (115) . Macrophages harboring persistent nongrowing bacteria display an M1 proinflammatory status, whereas those with a large number of fast-growing bacteria show an M2 anti-inflammatory state (115) .
HETEROGENEITY OF SALMONELLA INFECTIONS AND ITS PROBABLE IMPACT ON HOST-TO-HOST TRANSMISSIBILITY
In vivo studies reveal a plethora of encounters taking place between invading bacteria and distinct host cell types in distinct anatomical sites (116, 117) . Early studies showed a preference of serovar Typhimurium to target macrophages in target organs such as liver and spleen (118, 119) . Other host cell types such as neutrophils, dendritic cells, and nonphagocytic stromal cells are also infected. Mathematical modeling and real-time video microscopy indicate that host cells repeatedly encounter bacteria and that these contacts translate to infection in a relatively low number of the cases. About 5% of the macrophages contacted are ultimately infected (117) . Moreover, the number of intracellular serovar Typhimurium bacteria per infected macrophage remains low (3 to 4 bacteria/cell). This latter observation involves a scenario based on relatively low rounds of pathogen replication followed by lysis of the infected cells and reinfection of neighboring cells. This strategy has been proposed to be responsible for the increase in infection foci and pathogen dissemination through the organ (120) . These in vivo data occasionally remain underappreciated when using in vitro infection models, in which often high intracellular proliferation rates are detected, especially in established cell lines of tumor origin (58) . Nonetheless, high intracellular replication rates have been observed for serovar Typhimurium in vivo in defined sites, as epithelial cells of the gallbladder (59, 60) and intestinal epithelia (63) (Fig. 1) . Interestingly, only a relatively small fraction of infected epithelial cells supports exacerbated intracellular proliferation of bacteria (see Fig. 1 of reference 63) . This evidence supports a tight control of serovar Typhimurium intracellular replication that might be effective when host defenses and pathogen counterattack intersect.
Powerful microscopy technologies, including realtime imaging of live cells in culture and in the whole animal together with fluorescent growth rate-based reporters, have shown that these encounter episodes of different nature occur concomitantly in a reduced surface area of the infected tissue. Heterogeneous subsets of slow-and fast-growing serovar Typhimurium in intracellular locations are observed in these studies (121) . Bacteria either displaying slow growth or that are nondividing were shown to survive better following an antimicrobial challenge (121) . Disparate rates of pathogen death were also found in populations of infected macrophages, polymorphonuclear cells, or inflammatory monocytes that occupy the spleen red pulp in the first days postinfection (122) . Of interest, reactive oxygen species produced by neutrophils and inflammatory macrophages reduce bacterial burden, although they are unable to eradicate the pathogen. This partial control of the primary infection facilitates transmission of bacteria to more permissive cells of the spleen red pulp such as resident macrophages (Fig. 1 ). In conclusion, the available data support the idea that, at least for the case of colonization of deeper tissues by serovar Typhimurium, there are subsets of bacteria that occupy various tissue microenvironments (123) . This heterogeneity may reflect differences in the genetic makeup and the immune or polarization status of the invaded host cell, as is shown in the above-mentioned recent RNA-seq study of macrophages harboring either nongrowing or fastgrowing bacteria (115) . Stochastic phenomena affecting the expression of host defenses and/or survival strategies of the pathogen after host encounter may also contribute to these heterogeneous responses.
"SELF-DEFENSE" MECHANISMS ACTING IN INTRACELLULAR SALMONELLA
The formation of persister cells ("persisters") has been shown to increase following the ingestion of serovar Typhimurium by macrophages (19) . The persistent state is illustrated by tolerance to antibiotics in cells that remain viable upon exposure to these compounds while staying nonreplicative. Persisters are present in populations of exponentially growing cells and differ from antibiotic-resistant bacteria. Thus, once persisters resume growth in the absence of the antibiotic pressure, they are equally affected if subjected to new rounds of treatment with these compounds (124) . In these terms, persistence represents a transient physiological state in which bacteria are positively selected when confronting the stress if they have a reduced growth rate. Such a situation is exemplified when bacterial cultures are exposed to antibiotics that act on fast-replicating bacteria such as β-lactams, quinonoles, or aminoglycosides. As mentioned above, the persistent phenotype can also be favored in pathogens inside eukaryotic cells following exposure to the intracellular environment of macrophages (19) . This situation should, however, be distinguished from the selection of small-colony variants of serovar Typhimurium resistant to aminoglycosides, which are selected with stable mutations after a long residence (>72 h) in the intracellular niche of fibroblasts (75) . At first glance, both persistence strategies increase residence in the host and constitute positive factors that promote pathogen transmissibility. Do bacteria restrain growth intentionally to reach a persistent state? Many of the mechanisms known were first characterized in Escherichia coli, in which elevated levels of the alarmone ppGpp accumulating in response to nutritional stress play an important role (125, 126) . The fact that bacteria use specific mechanisms to reach this state favors the idea of persistence as a programmed, epigenetic phenomenon with a genetic basis (127, 128) .
Much work has been accumulated in recent years regarding the involvement of toxin-antitoxin (TA) modules in bacterial persistence and virulence (126, (129) (130) (131) . Most TA loci encode two antagonistic proteins, the toxin involved in inhibiting growth and the antitoxin that regulates toxin activity. The first mutation associated with increased persistence rates in E. coli was mapped to the hipAB TA locus, which coded for the HipA serine kinase that is partially phosphorylated in vivo. HipA kinase activity is required for persister formation in defined conditions (132) . Recent studies show that HipA phosphorylates tRNA synthetase GltX (133), leading to inhibition of protein synthesis. This situation favors accumulation of the ppGpp alarmone following increased levels of uncharged tRNAs, a condition that stimulates the ppGpp-producing enzymes RelA and SpoT (126) . Other toxins encoded in TA loci act as RNases that recognize and cleave 23S rRNA, tRNAs, and either free or ribosome-bound mRNA; kinases that target elongation factor EF-Tu; or as inhibitors of DNA replication by targeting of DNA gyrase (126) .
The fact that TA modules arrest bacterial growth makes them attractive candidates to contribute to pathogen persistence during infection (Table 1) (129, 130) . Under these conditions, pathogen-host coexistence increases, and as a result, so does transmissibility. An increased rate of persisters in serovar Typhimuriuminfected macrophages was associated with the activity in the pathogen of as many as 14 TA loci (19) . A recent study in fibroblasts demonstrated the production by nongrowing intracellular serovar Typhimurium of a series of toxins encoded by TA loci (134) . This work also showed distinct responses of certain TA loci in permissive (epithelial) and nonpermissive (fibroblasts) nonphagocytic cells regarding pathogen proliferation (134) . These observations suggest that the nongrowing persistence state reached by serovar Typhimurium inside fibroblasts may require the intervention of a subset of TA loci (Fig. 2D) . The usage by the pathogen of multiple TA loci may reflect a "safeguard" strategy to ensure rapid arrest of growth before defenses of the infected host cell irreversibly inactivate essential pathogen functions. A recent study revealed that serovar Typhimurium can arrest growth by using an enzyme encoded in a TA system, named TacT, which acetylates amino groups of amino acids charged on tRNA molecules, having a strong effect on translation (135). This study also identified a deactylase, CobB, which removes the acetyl group to resume growth. Whether TacT and/or CobB are active in intracellular bacteria has not yet been determined.
The role played by TA loci in persistence of serovar Typhimurium and other pathogens (129) supports the widely accepted model of a programmed phenomenon.
It is worth noting that early studies in serovar Typhimurium also provided evidence for a genetic program involved in attenuating intracellular growth inside fibroblasts (65) . This program is orchestrated by defined regulators, including the two-component regulatory system PhoP-PhoQ (Fig. 2C) , involved in maintenance of envelope homeostasis, and the alternative sigma factor RpoS, among others (65) . Mutants lacking these regulatory proteins "overgrow" inside the infected fibroblasts when compared to the parental wild-type bacteria, a response that also occurs in vivo in stromal nonphagocytic cells and in primary intestinal fibroblasts (41, 64) . Whether the growth-attenuating response directed by these regulators correlates to the intervention of some specific TA loci is at present unknown.
CONCLUSIONS AND FUTURE PERSPECTIVES
Epidemiological data point to typhoidal and nontyphoidal Salmonella serovars as pathogens that are highly transmitted from host to host. Modern in vivo technologies are providing new insights into the behavior of these bacteria in distinct host cell types, at various infection times, and in diverse tissues/organs. The bulk of new data obtained point to an unsuspected complexity and heterogeneity in the type of encounters that occur when the pathogen attacks the intestinal epithelium or when, in the case of acute infections, it disseminates to deep organs. This complexity is now registered at the single-cell level in several in vitro and in vivo infection models and needs to be integrated with the intrinsic variability in genome content among different Salmonella species, subspecies, and serovars, and even among isolates belonging to the same serovar. Most of the studies to date have focused on serovar Typhimurium, with relatively few comparable analyses in other serovars (Table 1) .
Fortunately, recent studies pinpoint for the first time mutations in defined genes that alter pathogen behavior regarding persistence in the host and the ability to colonize the intestine or extraintestinal sites (136) . Genome-wide expression data also exist for the colonization by intracellular serovar Typhimurium of distinct host cell types such as macrophages, epithelial cells, and fibroblasts (64, 137, 138) , and these data should be exploited at the functional level. Comparative genomics is also a powerful resource, and there is now evidence of mutations causing the emergence in immunocompromised hosts of highly adapted clones in serovars normally infecting a broad range of hosts (139) . Some studies also reported mutations in defined "invasive" serovar Typhimurium clones that associate with immunedeficient and immune-competent hosts and infect with high mortality rate, especially in the sub-Saharan Africa (140) .
We are therefore facing a scenario in which new molecular and cellular data are rapidly generated with modern techniques in apparently simplified models (e.g., cultured cell lines), which nonetheless exhibit marked heterogeneity. A major future goal will be to understand the basis of this heterogeneity so as to further extrapolate such knowledge to the genomic and epidemiological data. This is certainly challenging, as revealed by the still limited number of studies that attempt to join the cellular/molecular and epidemiological landscapes. Filling this gap is essential to increase our knowledge on evolution of typhoidal and nontyphoidal Salmonella serovars as intracellular bacterial pathogens, their adaptation to multiple lifestyles inside the eukaryotic cell, and how these lifestyles impact host-to-host transmissibility.
